In the present study, we propose a continuous assay for the screening of sn-2 lipases by using triacylglycerols (TAGs) from Aleurites fordii seed (tung oil) and a synthetic TAG containing the α-eleostearic acid at sn-2 position and the oleic acid at sn-1 and sn-3 positions (sn-OEO). Each TAG was coated into microplate well and the lipase activity was measured by optical density increase at 272 nm due to transition of α-eleostearic acid from the adsorbed to the soluble state. This continuous sn-2 lipase assay is compatible with a high sample throughput and thus can be applied to the screening of sn-2 lipases.
Introduction
Lipases (triacylglycerol ester hydrolase, EC 3.1.1.3) are lipolytic carboxylester hydrolases which catalyze the hydrolysis of the ester bonds of long-chain triacylglycerols (TAGs). They are widely distributed in microorganisms, plants, and animals (1-3) where they play an important role in lipid metabolism (4, 5) .
Since lipases are water-soluble enzymes hydrolyzing insoluble long chain TAG substrates, the cleavage reaction has to occur at the lipid-water interface (6) (7) (8) . The mechanisms involved in the enzymatic lipolysis depend strongly on the mode of organization of the lipid substrate in interfacial structures such as monolayers, micelles, liposomal dispersions and oil-in-water emulsions. Lipases interact with these lipid complexes, or "super-substrates", via hydrophobic domains which are exposed upon contact as the result of a substrate-induced conformational change which sometimes has been called "interfacial activation" (3, 9) . The two-dimensional nature of this lipase reaction does not obey Michaelis-Menten kinetics and depends critically on the quality of the interface (3, 8, 9) . Obtaining accurate, i.e. substratespecific, measurements of lipase activity as well as developing reliable lipase assay systems requires take these unique features into account.
Most lipases show a chemo-preference for TAG rather than partial acylglycerols (e.g. monoacylglycerol, MAG and diacylglycerol, DAG). They also show enantio-and regio-selectivity during hydrolysis, alcoholysis, acidolysis and transesterification reactions with a wide range of natural and synthetic substrates (10, 11) . Many biotechnological applications for lipases have been described in the food, cosmetic, detergent, and pharmaceutical industries (3, 12, 13) . Lipases with new properties (such as high levels of chemo-specificity, stereo-selectivity and by guest, on October 14, 2017 www.jlr.org Downloaded from 5 thermo-stability) are of particular interest in the biotransformation of oils and fats and structured lipid engineering (14) .
These lipases can be obtained either by isolating them from various natural sources or by using classical protein engineering methods, and directed evolution procedures can also now be used for this purpose (15) (16) (17) . All these studies require convenient, sensitive, and specific assays for measuring lipase activity (18) . In addition, screening procedures require continuous assays and substrate stability that are compatible with high sample throughput.
A continuous lipase assay using naturally occurring fluorescent TAGs isolated from Parinari glaberrimum as substrates has been developed (18) . This substrate is however too sensitive to oxidation to be used under high-throughput assay conditions. Synthetic octadeca-9,11,13,15-tetraenoic-3-hydroxyoctadecyloxypropylester, a 1-acyl-2-alkyl glycerol from parinaric acid is a DAG analogue which provides an efficient substrate for hormone-sensitive lipase (19) . But its pronounced sensitivity to oxidation precludes its use under routine conditions.
Petry et al. (20) developed a continuous, sensitive in vitro lipase assay using a MAG containing a fluorescent label, p-nitrobenzofurazan, as lipase substrate. An alternative ultraviolet (UV) spectrophotometric assay based on the use of TAG from
Aleurites fordii seeds, which is less sensitive to oxidation, was introduced by our group (21) . A. fordii is a tree originating from China, where its seed oil, known as tung oil, is one of the main primary products used in the lacquer industry. Crude tung oil contains up to 70% α-eleostearic acid (22, 23) , an octadecatrienoic fatty acid with a conjugated triene containing double bonds having ∆ acid is esterified at the sn-1 and sn-3 positions in the TAGs present in tung oil. The conjugated triene present in α-eleostearic acid is an intrinsic chromophore which confers strong UV absorption properties on both the pure fatty acid (24) and the TAGs present in tung oil (21) . More recently, the UV spectrophotometric lipase assay with tung oil was adapted to microtiter plates for high throughput screening procedures (25) .
Intensive research is being carried out to make use of the specificities and preferences of some lipases for synthesizing lipids with well-defined fatty acid compositions and patterns of distribution, which could be used in the production of human dietary supplements and edible oils (26, 27 were from Merck. All other chemicals and solvents were of reagent or better quality and were obtained from local suppliers.
Lipases
Recombinant HPL and its inactive mutant in which the active site serine is mutated to glycine (HPL S152G) were expressed in the yeast Pichia pastoris and purified from culture media as described by Belle et al. (33) . The purified Thermomyces lanuginosus lipase (TLL), CALA from Candida Antarctica and LIP3
from Candida rugosa (CRLIP3) were a generous gift from Dr. S. Patkar (Novozymes, Denmark). LIP2 from Yarrowia lipolytica (YLLIP2) was produced and purified according to (34) . Rhizopus homothallicus lipase (RHL) was produced and purified according to (35) . Candida rugosa lipase (CRL) AY30 was purchased from Amano Pharmaceuticals Ltd. (Nagoya, Japan) and was used to produce FFA from tung oil. 
Preparation of purified TAGs from Tung Oil
A 50 mg.mL Alternatively, α-eleostearic acid was purified directly from tung oil using an adapted method from O'Connor et al. (36) . Tung oil (7.2 g) was dissolved in ethanol (27 mL). Potassium hydroxide (2.9 g) was added and the resulting mixture refluxed in the dark for two hours under inert atmosphere. After cooling to 0°C, 13.5 mL of 15% aqueous sulfuric acid were added to acidify the medium (pH = 2). The resulting mixture was extracted with diethyl ether (2 times 20 mL), the organic layer dried with 
Synthesis of 1,3-O-dioleoyl-2-O-α-eleostearoyl-sn-glycerol
Pure α-eleostearic acid (13.6 mg, 0.049 mmol) was mixed with 1.2 equivalents 
Coating microtiter plates with tung oil TAGs or sn-OEO
Microtiter plates were coated with either purified tung oil TAGs or sn-OEO as described by Verger et al. (25) . A TAG solution (0.5 mg.mL filled with the TAG in hexane solution (100 µL/well) and left to stand under a fume hood until the solvent had completely evaporated (for around 30 min). After hexane evaporation, the coated TAGs were found to be stable in the dark for at least 1 week at 4°C.
UV Spectrophotometric lipase assay using coated TAGs
The wells containing the coated TAGs were washed three times with 0.2 mL of the assay buffer (10 mM Tris-HCl buffer pH 8.0 containing 150 mM NaCl, 6 mM CaCl 2 , 1 mM EDTA, and 3 mg.mL 
Results and discussion

Synthesis of 1,3-O-dioleoyl-2-O-α-eleostearoyl-sn-glycerol (sn-OEO) and spectroscopic properties
The synthesis of sn-OEO was conducted with pure and fully characterized reactants. The purified α-eleostearic acid was characterized by 1 H NMR (Fig. 1) . The protons carried by the trienic system resonate as a complex set of multiplets storage in the dark ensured to avoid any isomerization of the trienic moiety from an α-to β-eleostearic acyl chain. Nevertheless, the purity of the sn-OEO was controlled by analytical chromatography and UV spectrometry while 1D-NMR spectroscopy proved to be uninformative.
The UV spectrum of sn-OEO could be compared with those of pure α-eleostearic acid and TAGs from tung oil in ethanol (Fig. 3) . .cm.
Principle of the lipase assay using TAGs coated in microtiter plates
The TAGs were coated into the wells of microtiter plates as indicated in the Materials and Methods section. Using UV spectrum measurement, the coated TAGs were found to be stable for at least 1 week at 4 °C prior the hydrolysis reaction was launched. Fig. 4 shows the principle of the reaction for sn-OEO. Once injected in the microwell, the lipase in solution (E, enzyme in solution) can bind to the interface (E*, enzyme at the interface) where the hydrolysis of TAGs is carried out by releasing FFAs, DAGs and MAGs as products (9) . The long chain FFAs (R 1 = oleic acid; R 2 = α-eleostearic acid) can then be solubilized by the β-CD present in the buffer (41, 42).
The R 2 /β-CD complex can be measured continuously by recording the increase in the UV absorbance at 272 nm due to the conjugated triene of the α-eleostearic acid present in solution (21, 25 positions, but only lipases with the capacity to hydrolyze the sn-2 position can release R 2 and theoretically generate an increase in UV absorbance. When using the natural TAGs from tung oil (about 64% of R 2 ), we assumed that R 2 is equally present at the 3 positions of TAGs to when estimating the lipase activity from the increase in UV absorbance. To determine whether a lipase had a sn-2 preference, we used the ratio between the initial rates of sn-OEO and tung oil TAGs hydrolysis.
Stability of the TAGs coating in microtiter plates
For the validation of the assay, the stability of the multilayer of TAGs (tung oil or sn-OEO) coated in the microtiter plate well was tested. After coating the TAGs, the absorbance at 272 nm was recorded for 40 min in the presence of the reaction buffer and without enzyme. A constant base line was recorded for both sn-OEO and tung oil TAGs (Fig. 5A) , indicating that the coating of TAGs was not disrupted by an interaction with the buffer. To test the hypothesis whether a protein without catalytic activity could disrupt the TAGs coating, BSA (4.8 µg per well; 24 µg.ml showing that a large amount of lipase increases slightly the absorbance at 272 nm due to intrinsically lipase UV absorption and don't disrupt the tung oil TAGs coating.
Furthermore, insignificant changes in the absorbance at 272 nm were observed after the injection of heat-inactivated HPL (20 ng) in coated tung oil TAGs (Fig. 5D ),
whereas, under the same experimental conditions, a higher hydrolysis rate (∆OD/min) of 0.75 was observed (Fig. 5D) . It is worth noticing that it was not possible to test quantities of heat-inactivated HPL as high as those of HPL S152G
because of a precipitate of denatured HPL was observed at high concentrations.
Together, these results clearly indicate that inactive lipases don't change significantly the substrate surface optical properties and structure.
Method validation using various purified lipases
To validate the assay method, various lipases with different selectivities towards TAGs were used. CALA is known to display a stereopreference for the sn-2 position of TAGs (29, 43 and 4 min for the steady-state to be reached after sample injection were observed for CALA, HPL and YLLIP2, respectively. These lag phases were probably due to the time required for efficient mixing of the enzyme to occur in the microwells.
Under similar conditions but using sn-OEO as substrate, a higher hydrolysis rate (∆OD/min) was observed with CALA ( Fig. 6A ) when compared to HPL (Fig. 6C) and YLLIP2 (Fig. 6E) . As expected, these results indicated that CALA was the lipase with the higher ability to release the α-eleostearic acid at the sn-2 position of sn-OEO. As also expected for a sn-1,3-regioselective lipase, no significant increase in the OD was observed with YLLIP2 when sn-OEO was used as substrate (Fig. 6E) . A slight linear increase in the OD was however observed after 10 min of reaction with HPL when sn-OEO was used as substrate (Fig. 6C ). Although HPL is well known to be a sn-1,3-regioselective lipase, these findings suggested that HPL was able to release free α-eleostearic acid from the sn-2 position of sn-OEO. Alternatively, another lipolysis product released during the reaction and containing α-eleostearic acid might be also sequestered by β-CD and solubilized, thus contributing to the increase in the OD at 272 nm. One possibility could be that MAGs were also produced and formed complexes with β-CD (42, 45).
To check this hypothesis, the lipolysis products were extracted from the wells of the microtiter plates and analyzed by TLC. This was performed during the hydrolysis When similar TLC analysis was applied to sn-OEO hydrolysis (Fig. 7B) , the apparent lipolysis product profiles determined by UV light and charring revelation were different. In the case of the UV revelation, an appearance of 1,2-rac-DAG and observed, thus confirming our hypothesis that these products had a short life time and were hydrolyzed by CALA.
All the TLC experiments confirmed the specificities of CALA, YLLIP2 and HPL (29, 43, 44) . They show however, that MAGs with α-eleostearic acid could be produced by HPL and to a lesser extent by YLLIP2. This means that these MAGs might be solubilized by β-CD like FFAs. Similar levels of 2-MAGs generation were observed for HPL and YLLIP2 (Fig. 7B) 
Determination of the sn-2 preference of lipases
The TLC analysis performed in this study clearly showed that the synthetic sn-OEO substrate can already be used for screening sn-2-specific lipases. A continuous assay using microtiter plates would be however much more interesting for high throughput screening of large amounts of samples. Taken into account the previous results, the variation of the OD at 272 nm using sn-OEO as substrate cannot be (Fig. 8, panel B) . Although these ratios are not zero due to the interference of MAGs in the UV absorption, they are lower than 0.14 and this is consistent with a lower attack of the sn-2 position. Other non specific lipases that have been reported to hydrolyze the sn-2 position were also tested (Fig. 8, panel C) .
RHL (35) gives a value of 0.094 ± 0.037 that is close to the values obtained with sn-1,3-regioselective lipases. The ratio obtained with CRL AY30 and CRLIP3 were 0.11 ± 0.047 and 0.14 ± 0.02, respectively. Both values are close to the value of 0.14 assigned theoretically to non-specific lipases.
Conclusion
The synthetic sn-OEO substrate appears to be a convenient tool for studying the sn-2 position specificity of lipases by using TLC analysis and UV detection. On the contrary, the method for the high throughput screening of sn-2 lipases tentatively developed in this work using TAGs coated on microtiter plates suffer from the interference of the MAGs produced in lipolysis reaction and probably solubilized by β-CD, although the assay is sensitive and the substrate coating was found to be by guest, on October 14, 2017 
